Background Previous studies have suggested that social and economic spatial polarization is associated with various health outcomes.
Introduction
The unequal distribution of income and wealth is a worldwide phenomenon. More than three-quarters of the Organization for Economic Cooperation and Development (OECD) countries have experienced a growth in income inequality over the past 3 decades. 1 The level of income inequality in the United States is among the highest in the OECD. 2 Between 1975 and 2010, the top percentile share of U.S. households in national income rose sharply from 8.9 to 19.9%, even as living standards have stagnated in the middle. 3 In Taiwan, unequal income distribution has also risen sharply, with the Gini coefficient increasing from 0.28 in 1980 to 0.34 in 2015. 4 These growing concentrations of income and wealth have not only put a brake on economic growth, but they also raise concerns about the social and political stability of nations. 5, 6 Unequal societies have been hypothesized to pose a threat to population health. [7] [8] [9] Ecological and multilevel studies in the United States have shown that states with higher income inequality had worse health performance. 10 In Taiwan, ecological research has shown the association between income inequality and mortality became stronger from 1976 to 1995, whereas the relationship with absolute income diminished. 11 Although a recent review suggests that large income differences have an adverse impact on health, theoretical and empirical evidence have suggested that the effects of income inequality on health can vary substantially across different sizes of an area over which income inequality is measured. 12 Inequality measured in smaller geographical scales appears to have a weaker association with health outcomes. The reason may be due to the fact that income inequality Chun-Tung Kuo, Postdoctoral Fellow Duan-Rung Chen, Professor measured in small area units fail to reflect the scale of social class differences or spatial heterogeneity. 8, 13 In contrast to income distribution, a small but growing body of studies indicated that the pattern of economic spatial polarization in small areas can be an important social determinant of health. Economic polarization is defined as a rising concentration of neighborhood affluence and poverty and can be represented by the Index of Concentration at the Extremes (ICE), which assessing the concentration of people with low and high social and economic resources in a certain area. Previous studies found that extreme concentrations of income, education and racial/ethnic combination ICE measures were associated with black carbon exposure, 14 risk of hypertension, 15 mortality rates 16 and breast cancer estrogen receptor (ER) status. 17 Although income inequality in larger area scale and spatial social polarization in small areas were linked to various health outcomes, few studies have empirically examined the multi-scale joint effect of income inequality and spatial polarization on population health. In addition, it is meaningful to test whether spatial social and economic polarization in small areas is harmful to health in an Asian context. Taiwan is an emerging industrialized economy in south-eastern Asia. Because of the dependency on international trade for economic development, the regional heterogeneity is large in Taiwan, e.g. the capital city is far more developed than other cities. Studies examining the effect of economic polarization and distribution on health by further incorporating small area heterogeneity is needed in an Asian context. Thus, using a multilevel framework, we examined the association between township-level income-based ICE index and agestandardized mortality, and further examined the question of whether city-level income inequality moderate the association between township-level income-based ICE and mortality (i.e. cross-level interaction). In addition, previous studies have shown that the effect of income inequality might be different in working-age and elder people, we then also examined the associations between income-based ICE index and age-specific mortality in the present study.
Methods

Data source
In this cross-sectional area-based study, we collected data at both city/county-level and township-level in Taiwan around 2010. To calculate age-standardized mortality rates, townshiplevel death numerator data from 2008 to 2012 were extracted from the vital statistics published by the Ministry of Health and Welfare. Data on township mid-year populations were extracted from the Taiwan-Fukien Demographic Fact Book, which is published annually by the Ministry of the Interior. To calculate the ICE for each township in Taiwan, we extracted the income tax data from the Fiscal Information Agency, Ministry of Finance. Data on the city/county-level Gini coefficient came from the Family Income and Expenditure Survey in 2010, which is conducted by the Directorate General of Budget, Accounting and Statistics, Republic of China. We combined Hsinchu and Chiayi City into Hsinchu and Chiayi County, respectively, due to the similarity and small township numbers in the city. Additionally, we excluded PengHu County (an island county) due to the social welfare system is different from those in the main island of Taiwan.
Age-standardized mortality
We examined age-standardized mortality in the present study, including all-age, elderly (65 years and over) mortality, as well as premature death (under 65 years), and workingage (25-64 years) mortality rates. All rates (per 100 000 population) were age-standardized by using the direct method and the WHO 2000-25 world standard population. For stability, the mortality rates were combined over the 5-year period from 2008 to 2012.
Index of Concentration at the Extremes
The main exposure of interest was township-level income inequality, measured by the ICE for income. This index was introduced in a residential segregation literature by Douglas Massey. 18 We calculated the ICE index by the following formula:
where Ai is the number of affluent persons in neighborhood i, Pi is the number of poor persons in neighborhood i and Ti is the total population. The ICE can range from −1 (most deprived) to 1 (most privileged). A value of 0 can thus represent either none of the residents are in the best-off or worst-off categories or an equal number of persons are in the best-off and worst-off categories. The advantages of the ICE measure are that it can avoid the problems of collinearity with other socioeconomic indexes. 16, 18 Furthermore, unlike the Gini coefficient, the ICE index can be computed meaningfully in both large and small geographic units (e.g. townships in Taiwan).
Income inequality
The main exposure of interest was city/county-level income inequality, measured by the Gini coefficient of household disposable income (i.e. net of taxes and transfer payments).
The Gini coefficient is the most common summary index for income inequality, and it ranges in value between 0 (income in every household is distributed perfectly equally) and 1.0 (perfect inequality). We multiplied the Gini coefficient by 100 for ease of interpretation. As noted previously, the population scale which the Gini coefficient is measured is important. Inequality measured in larger area size (e.g. cities and counties in Taiwan) tend to have a stronger association with health outcomes.
Statistical analysis
Using a multilevel ecological framework of 352 townships nested within 20 cities in Taiwan, we first investigated the association between city-level income inequality (Gini index) and township-level age-standardized mortality rates (Model 1). We then added the township-level quintile ICE index to examine the association between ICE index and mortality (Model 2). Finally, we examine whether city-level Gini index moderate the effect of township-level income-based ICE on age-standardized mortality (slope-as-outcome) in Model 3. We weighted population size in the statistic models to avoid that township with large population size contributing the same proportion of estimation as townships with very few residents. We also categorized 20 cities into 10 higher-and 10 lower-income inequality groups by the Gini coefficient to show the joint effect of income inequality and economic polarization on mortality. Statistical analyses were conducted with SPSS version 18.0 and HLM 6.06 (Hierarchical Linear Modeling, Scientific Software International, Lincolnwood, IL, USA).
Results
In 2008-12, the average all-cause age-standardized mortality rate in Taiwan was 470.5 per 100 000 populations. Table 1 shows the relationships of city/county-level income inequality and township ICE index with township age-standardized mortality rates. In Model 1, we found that each 1 unit increase in the Gini coefficient was associated with an excess all-age mortality rate per 100 000 population of 18.3 deaths (95% confidence interval [CI] = 8.1, 28.4). In Model 2, we found that after controlling for the Gini coefficient, the bottom quintile for income-based ICE was associated with an excess 163.7 deaths per 100 000 people (95% CI = 110.8, 216.5), compared to the top quintile. The ICE index shows *P < 0.05; **P < 0.01; ***P < 0.001.
a gradient in mortality rates, the lower the ICE quintile the higher the excess deaths. Finally, in Model 3, we found that the associations between income-based ICE and mortality rates were similar to Model 2. As compared to the highest income-based ICE quintile, the lowest ICE quintile was associated with an excess 171.7 deaths per 100 000 people (95% CI = 116.1, 227.3) after controlling for the city-level income inequality index. Moreover, each 1 unit rise in the city-level income inequality (the Gini coefficient) will additionally increasẽ 29.9 deaths (95% CI = 12.4, 47.5) for the lowest ICE quintile, as compared to the highest quintile. Table 2 presents the association between city-level income inequality (Gini index), township-level income-based ICE index with township age-specific standardized mortality rates. The pattern is similar to that of all-age mortality rates. In addition, higher Gini coefficient was related to higher premature mortality, especially in the working-age population, but not the elderly. Furthermore, there is a significant cross-level additive effect of the Gini coefficient and the bottom and second quintile ICE index. Figure 1 shows that there was a statistically significant cross-level interaction of city-level income inequality on the relation of ICE quintiles 1 and age-standardized mortality. Each bar represents the age-standardized mortality for each ICE quintiles. For ICE quintiles 1, the mortality rates are higher in the cities with the higher-half Gini coefficient. However, this cross-level interaction effect is not significant in other ICE quintiles. This pattern is similar for three agespecific standardized mortality rates.
Discussion Main findings
Our study found that township-level income-based ICE index was associated with higher age-standardized mortality rates across different age groups after adjusting for income distribution and population size. Furthermore, the crosslevel interaction term shows that income inequality and spatial polarization have a joint effect on mortality rates. At higher levels of ICE index, mortality rates seem similar regardless the level of income inequality. However, townships with lower ICE index appear to suffer in the form of higher mortality rates as the city-level income inequality rises. To our knowledge, this is the first work using Table 2 The association between city/county-level income inequality, township-level ICE index with township all-cause age-specific standardized mortality rates (95% CI) *P < 0.05; **P < 0.01; ***P < 0.001.
INCOME INEQUALITY, SPATIAL POLARIZATION AND MORTALITY RATES IN TAIWAN
e231 multilevel models to investigate the modification effect of income inequality and spatial economic polarization on mortality rates.
What is already known on this topic
Our findings are comparable to previous studies linking spatial socioeconomic polarization to mortality rates and health inequalities. A New York City study shows that the ICE measure of extreme concentrations of income and race/ethnicity were associated with infant mortality, all-cause premature mortality (before age 65), and diabetes mortality. 16 The authors conclude that the ICE index can be used for public health monitoring, as it captures concentration of extreme advantage and disadvantage. Similarly, a Boston-based study shows that after adjusting for individual and household characteristics, the economic and racial/ethnic ICE measures at the census tract level remained associated with traffic-related air pollution (i.e. black carbon exposure).
14 Another study indicated that income and racial/ethnic composition of ICE measures at the census tract level were associated with higher risk of hypertension above and beyond individual socioeconomic characteristics and self-reported exposure to racial discrimination. 15 A more recent study found that the county-level ICE measures of concentrated economic and racial/ethnic privilege were associated with excess risk of having a breast tumor ER positive status (ER+) among women aged 25-84 diagnosed with primary invasive breast cancer. The ICE might be a useful index for understanding health inequalities. 17 
What this study adds
Our study adds to the growing evidence of spatial socioeconomic polarization and health by using multilevel analysis rather than single-level regression or correlation to investigate the contextual effects of income inequality on the relationships of ICE index and mortality rates. ICE measure can be used to measure an extreme distribution of income in small scale. Multilevel modeling can be further used for exploring the heterogeneity of income inequality in different spatial scale. Because of the large spatial heterogeneity in Taiwan, the modification effect of income inequality and economic spatial polarization on mortality shows that the poverty concentration in a small-scale geographical unit (e.g. townships) is not only related to lower health level, but also Fig. 1 The contextual effect of city-level income inequality on the relation between ICE index quintiles and age-standardized mortality rates.
suffer more if that unit located in a larger scale area (e.g. cities) with higher income inequality. The strength of the present study is that we collected national income and mortality data, which are likely to be a representative sample of the whole Taiwanese population.
We found evidence that greater income inequality was related to higher premature mortality, especially in the working-age population, though not the elderly. This finding is similar to the U.S. National Longitudinal Mortality Study, 19 which indicated that state-level income inequality was associated with excess mortality rates among American men and women aged 25-64 years, but not among the elderly (aged 65 years and over). By contrast, other studies have found that income inequality associated with mortality among the population aged 60 years and over. 20 In a longitudinal study in São Paulo, Brazil, community-level income inequality was found to be associated with greater risk for mortality among older residents (aged 60 years or more), even though the relationship did not indicate a doseresponse gradient. 21 The association of income inequality with premature mortality implies a greater loss of potential life years.
Limitations of this study
The present study had two main limitations. First, we are unable to demonstrate a causal relationship between spatial economic polarization and income inequality with outcomes due to the cross-sectional design. A stronger design would be to utilize repeated time-series or panel data and to investigate the association between changes in economic polarization and distribution on changes in mortality rates. Secondly, this study was ecological and did not include individual data. Although we considered for population size, there is a possibility of residual confounding by individual characteristics that can lead to an ecological fallacy.
Conclusion
In summary, the present study suggests that the incomebased ICE measure is associated with age-standardized mortality rates in Taiwan. The spatial economic polarization and income inequality have a joint effect of determining the chance of mortality in Taiwan. A small-scale measure of income distribution such as ICE provides more information with respect to how income inequality may increase mortality. Further investigations are needed to investigate whether the concentrations of extreme affluence and poverty also affects health inequities.
